Introduction
[2] The Kuroshio, which is one of most energetic western boundary currents, is unique in having the bimodality of stable paths south of Japan (Figure 1 ): the large meander and nonlarge meander. The large and nonlarge meander paths persist from a few years to a decade [Kawabe, 1995] . Recently, the Kuroshio took the large meander path from summer 2004 to summer 2005 after a nonlarge meander period of 13 years. This was the first large meander to occur since the start of full monitoring of the surface ocean state started by satellite altimeters. Satellite observations of the large meander are quite useful for data assimilation to capture processes involved in the Kuroshio path variation [e.g., Miyazawa et al., 2005a; Usui et al., 2006 Usui et al., , 2008 Kagimoto et al., 2008] . Thus it is feasible to clarify and deeply understand the mechanism of the Kuroshio large meander occurring from 2004 to 2005 by combining the satellite altimeter data as well as hydrographic observations with a recently developed numerical ocean forecasting system.
[3] The bimodality of the Kuroshio path south of Japan has been investigated by many authors from both theoretical and observational viewpoints. Theoretical studies [e.g., Masuda, 1982] suggested that the Kuroshio may possess multiple equilibria under an external condition. Kawabe [1995] , using tide gauge observations, showed that either the large or nonlarge meander state appeared when the upstream volume transport was larger than, or the same as its climatological mean. Kurogi and Akitomo [2003] suggested that the multiple equilibrium states of the Kuroshio path may have been established by the wind stress field in the North Pacific over the past 40 years.
[4] Analyses of the satellite data have showed that mesoscale eddies with a spatial scale of 500 -800 km and a time scale of 45-180 days are active both south of Japan and east of Taiwan [e.g., Ebuchi and Hanawa, 2000; Kobashi and Kawamura, 2001] . Some observational studies suggested that these mesoscale eddies play important roles in the Kuroshio path variation south of Japan [Book et al., 2002; Ebuchi and Hanawa, 2003] . Recent modeling studies also suggested that an interaction between the Kuroshio and the mesoscale eddy south of Japan triggers the transition from the nonlarge meander to the large meander [Akitomo and Kurogi, 2001; Endoh and Hibiya, 2001; Tsujino et al., 2006] . In fact, our preliminary model experiment showed that anticyclonic eddies activated in the subtropical frontal region may affect the Kuroshio path variation south of Japan through their downstream movement along the Kuroshio in the East China Sea [Miyazawa et al., 2004] . In addition, our ensemble forecast experiment indicated that an anticyclonic eddy southeast of the Kyushu Island played a key role in selecting the state of the real Kuroshio path in 1999 [Miyazawa et al., 2005a] . However, the role of the mesoscale eddies in the variations of Kuroshio path has not been clarified in detail.
[5] Previous observational studies [e.g., Sekine, 1990; Kawabe, 1995] have suggested that the formation process of the Kuroshio large meander is divided into two sub processes; the first is the generation of a small meander southeast of the Kyushu Island (the ''trigger meander'' [Solomon, 1978] ), and the second is the abrupt amplification of the trigger meander. Although the first process occurs frequently, most of the trigger meanders decay without undergoing the second process. Recently, Usui et al. [2008] investigated the first process of trigger meander generation in December 2003. We focus on the second process, the amplification of the trigger meander in April 2004 prior to the final formation process from May to July 2004.
[6] We investigated products of an ocean forecast model that was developed as a part of the Japan Coastal Ocean Predictability Experiment (JCOPE) [Guo et al., 2003; Miyazawa et al., 2004; Miyazawa et al., 2005a Miyazawa et al., , 2005b Kagimoto et al., 2008] , with emphasis on the roles of anticyclonic eddies east of Taiwan in the formation of the Kuroshio large meander in 2004. We conducted a number of simulation runs using the JCOPE forecast system to analyze how initial conditions dynamically affect the modeled time evolution of the Kuroshio path variations. Intensive use of the state-of-the-art model products allowed us to clarify the mechanisms of the real Kuroshio large meander formation, which previously has not been clearly understood. On the basis of the previous studies described above, we highlight the roles of the trigger meander and mesoscale eddies southeast of the Kyushu Island in the large meander formation in 2004. In addition, we discuss the possible relationship of the large meander formation in 2004 to the mesoscale eddies in the subtropical frontal region.
[7] This paper is organized as follows. In section 2, the configuration of the JCOPE ocean forecast system is briefly described. Section 3 shows results of the model experiment, in particular, the process of the Kuroshio large meander formation in 2004 is argued. In section 4, conducting sensitivity experiments to initial states, we discuss roles of mesoscale eddies east of Taiwan in triggering the large meander formation in 2004. Section 5 is devoted to summary and discussion.
The JCOPE Ocean Forecast System

Ocean Model
[8] The ocean model in the JCOPE system is based on the Princeton Ocean Model with a generalized coordinate of sigma (POMgcs) [Mellor et al., 2002] . A high-resolution regional model with a spatial grid of 1/12°and 45 vertical levels is embedded in a low-resolution model covering the North Pacific region (30°S-62°N, 100°E-90°W) with a spatial grid of approximately 1/4°and 21 sigma levels. The inner model domain covers the western North Pacific (12°-62°N, 117°-180°E) and its lateral boundary conditions are determined from the basin-wide model using a one-way nesting method [Guo et al., 2003] . Details of the model configuration have been described by Kagimoto et al. [2008] .
[9] The model is driven by wind stresses, and heat and salt fluxes. The wind stress fields are calculated from the 12-hourly QuikSCAT near-real-time product with 1/2°r esolution [Liu et al., 1998 ]. The heat flux fields are calculated from 6-hourly National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data [Kalnay et al., 1996] combined with the QuikSCAT product. Salinity at the ocean surface is restored to the monthly mean climatology data [Levitus et al., 1994] with a time scale of 30 days. Simulation of the low-resolution model is started from a state of rest with the annual mean temperature and salinity fields created from 1/4°climatology data [Boyer and Levitus, 1997] . The low-resolution model is spun-up for 20 years by the monthly mean surface forcing from an initial condition of no motion with the annual mean temperature and salinity fields created from the 1/4°climatology. The high-resolution model is also run from the same initial conditions. The lateral boundary forcing of the spin-up run is calculated for the last 5 years using the spin-up results of the low-resolution model. Both the low-and high-resolution models are then driven by the 6-hourly surface forcing during the period from September 1999 to August 2004. Synoptic variations in the western North Pacific Ocean such as the Kuroshio large meander and the mesoscale eddies are simulated in the high-resolution model [Miyazawa et al., 2004] .
Data Assimilation
[10] The following observation data are assimilated into the model: the sea surface height anomaly ( Topography of the Kuroshio region south of Japan and the stable Kuroshio paths (LM, large meander; nLM, nonlarge meander). The numbers denote tide gauge stations (1, Naze; 2, Nakanoshima; 3, Nishinoomote; 4, Kushimoto; 5, Uragami; 6, Hachijojima), and the abbreviations indicate locations (Ky, Kyushu Island; S, Shikoku Island; Ki, Kii Peninsula; KS, Koshu Seamount; IOR, Izu Ogasawara Ridge). Regions deeper than 4000 m are shaded.
face Temperature (AVHRR/MCSST) Level 2 products; and vertical profile data of temperature and salinity obtained from the Global Temperature-Salinity Profile Program (GTSPP). The SSHA and temperature/salinity profiles are assimilated only in the southern region of 12°-44°N because in the subarctic region, the SSHA has weak correlation with subsurface temperature/salinity and the observation density of in situ data is relatively low.
[11] The data assimilation procedure in our system comprises three steps: the creation of two-dimensional uniform grid data by optimum interpolation (OI) [Gandin, 1963] of SSHA, SST, and temperature-salinity profiles; the creation of temperature/salinity analysis data using the multivariate optimum interpolation (MOI) [e.g., Lorenc, 1981] ; and incremental analysis update (IAU) [Bloom et al., 1996] of the analysis data for smooth initialization. Appendices A, B, and C provide brief explanations of the OI, MOI, and IAU techniques, respectively.
[12] We conducted the IAU process from September 1999 to August 2004 and stored 2-day mean data, referred to as the assimilation products. In addition, initial states were sampled from snapshots stored in approximately 1-month intervals during the IAU process from October 2002 to May 2004; they were used for hindcast runs without data assimilation forced by the 6-hourly surface forcing. In sections 3 and 4, we mainly discuss the hindcast runs to investigate the dynamical effects of initial states on the large meander formation because the hindcast results were completely governed by the model dynamics. The assimilation products are used for better description of the observed phenomena, even though they are not always consistent with the model dynamics.
Kuroshio Large Meander Formation in July 2004
Simulated Large Meander Formation in 2004
[13] The Kuroshio south of Japan took the large meander path during the period from August 2004 to August 2005 after a nonlarge meander period of 13 years. The formation process of the large meander in 2004 seems to be similar to the following typical picture of past large meanders [Kawabe, 1995] . The trigger meander formed southeast of the Kyushu Island. The trigger meander propagated eastward and grew into the large meander east of the Kii Peninsula. The growth of the trigger meander was well simulated by our model (Figure 2 ).
[14] We compared the time evolution of the Kuroshio path during May to July 2004 obtained from the hindcast experiment with observations based on the weekly Quick Bulletin Ocean Conditions provided by the Hydrographic and Oceanographic Department of the Japan Coastal Guard (Figure 2, left) . We checked the model skill by comparing the simulated and observed Kuroshio path positions. Both the modeled and observed Kuroshio paths were defined as the positions with the maximum kinetic energy in the surface layer within the Kuroshio region. Figure 3 shows the time evolution of root mean square error (RMSE; Figure 3a ) and the correlation (Figure 3b The model simulated the final stage of the observed transient process from the nonlarge meander to the large meander in July. It should be noted that the model skill was worse than both the persistence and the climatology during the period from 21 May to 21 June. This is because a preceding amplification of the trigger meander simulated in May occurred farther east than the observed amplification (Figure 2b ). The preceding amplification of the trigger meander, which may have been associated with a cyclonic eddy that was absorbed into and detached from the trigger meander, was not exactly simulated by the model. In addition to the trigger meander and the cyclonic eddy, an anticyclonic eddy at 30°N and 134°E on 8 May (Figure 2a , right) appears to have influenced the large meander formation in 2004.
Perturbed Runs of the Large Meander Formation in 2004
[15] Previous modeling and observational studies have suggested that the trigger meander southeast of the Kyushu Island [e.g., Solomon, 1978; Endoh and Hibiya, 2001] and mesoscale eddies [e.g., Ebuchi and Hanawa, 2003; Miyazawa et al., 2004 Miyazawa et al., , 2005a [16] To identify key factors responsible for the large meander growth southeast of the Kii Peninsula in July 2004, we conducted three sensitivity experiments with the amplitude of each factor weakened in the initial conditions: weak trigger meander, weak anticyclonic eddy, and weak cyclonic eddy (hereafter wTM, wAE, and wCE, respectively). Table 1 (on 8 May 2004) indicates that the trigger meander was weakened in the wTM case, that the cyclonic eddy disappeared in the wCE case, and that the anticyclonic eddy was weakened in the wAE case. At first glance, the most effective factor for the large meander growth seems to have been the amplitude of the trigger meander because the resulting amplitude of the meander southeast of the Kii Figure 4 . Gridded SSHA on 8 May 2004 created from satellite altimeter data (Jason-1 and Geosat Follow-On). The shaded region indicates positive anomaly. Arrows TM, CE, and AE point to anomalies for which the amplitude was modified in the sensitivity experiments for cases wTM, wCE, and wAE, respectively.
Peninsula in the wTM case is the smallest among the three runs shown in Figure 5 (right) (on 31 July 2004). With the weak cyclonic eddy, the large meander formed faster than in the unperturbed run (as explained in section 3.2.2). Phenomena such as the cyclonic eddy's absorption into and detachment from the trigger meander were observed in the unperturbed run (Figures 2b and 2c ) and delayed the large meander formation. Although the wAE case showed the slight weakening of the large meander, the anticyclonic eddy may not be a major factor in the large meander growth.
Effects of Initial Condition on the Large Meander Formation in 2004
[18] To investigate how the formation process of the large meander is affected by perturbations in the initial conditions, we examined sea level indices that are closely related with the Kuroshio path variation south of Japan. The first is the sea level difference between Kushimoto and Uragami (see Figure 1 for the locations), which is negative at approximately À1 cm and less variable [e.g., Moriyasu, 1958; Kawabe, 1995] when the Kuroshio takes the large meander path. The second is the Kuroshio Position Index [Kawabe, 1995] defined from sea levels at Naze, Nakanoshima, and Nishinoomote, which indicates the latitude of the Kuroshio path in the Tokara Strait (see Figure 1 for the locations). Kawabe [1995] pointed out that the Kuroshio axis in the Tokara Strait shifts from south to north prior to the large meander formation.
[19] As a whole, the model captures the dynamics of the large meander formation, although the modeled and observed results have some discrepancies ( Figure 6) . The observed sea level difference between Kushimoto and Uragami decreased by approximately 15 cm during the establishment of the large meander path in July (Figure 6a , left). The simulated sea level difference decreased faster than the observed difference (Figure 6a , right). This discrepancy may be due to the difference between the observations and the initial conditions of the model. Figure 2a indicates that the initialized trigger meander of the model slightly moved eastward compared with the observation. Thus the modeled Kuroshio separated from the Kii Peninsula faster than did the observed Kuroshio. In the wTM case, because the separation occurred later than in the unperturbed run, the sea level difference between Kushimoto and Uragami decreased later. In the wCE case, the sea level difference between Kushimoto and Uragami decreased earlier than in the other cases, indicating that the large meander formed earlier than in the other cases. Thus, the wCE case suggests that the cyclonic eddy tends to delay the timing of the large meander formation.
[ [21] The sensitivity experiments with three factors (i.e., the trigger meander, the cyclonic eddy, and the anticyclonic eddy) suggest that both the trigger meander and the anticyclonic eddy may have facilitated the growth of the large meander in July 2004, whereas the cyclonic eddy delayed the timing of the large meander formation. To clarify which events of the trigger meander and anticyclonic eddy contributed most to the large meander formation, we conducted sensitivity experiments using various perturbation amplitudes (Table 1 ). The parameter ranges of the perturbation amplitudes used in the sensitivity experiments were determined empirically in such a way that the large meander formation changed significantly but not unrealistically. When the sea level corresponding to the trigger meander amplitude in May 2004 was larger than 0.38 m, the amplitude of the resulting Kuroshio meander southeast of the Kii Peninsula was significantly weaker than that of the unperturbed run ( Figure 7a ). In contrast, the perturbation of the anticyclonic eddy may not have affected the amplitudes of both the trigger and the resulting large meander. The weakening of the trigger meander amplitude caused the intensification of the anticyclonic eddy, but it did not facilitate the large meander formation (Figure 7b ). We conclude that the amplitude of the trigger meander in May is more important for the large meander formation than is that of the anticyclonic eddy.
Distributions of Vertical Velocity Near the Kuroshio Path South of Japan
[22] Previous modeling studies [Hurlburt et al., 1996; Endoh and Hibiya, 2001; Miyazawa et al., 2004 Miyazawa et al., , 2005a Tsujino et al., 2006] have suggested that the Kuroshio large meander is generated through the baroclinic instability that occurs southeast of the Kii Peninsula. From this viewpoint, we examined both the horizontal and vertical distributions For example, in the wTM (wt05) case, negative SSHA (e.g., ÀSSHA(i, j)) at 29°-34°N, 130°-134°E on 8 May 2004 was changed to the same spatial pattern of positive sign with half amplitude (e.g., (0.5) SSHA(i, j)). The more negative value of SSH at 32.5°N, 138°E indicates a stronger meander. Figure 4 ), the cyclonic eddy (CE in Figure 4) , and the anticyclonic eddy (AE in Figure 4) were weakened, respectively. of vertical velocity near the Kuroshio path south of Japan in the unperturbed run. In the unperturbed run, large anomalous downward vertical velocity occurred at 500 m depth at the west side of the trough of the large meander, whereas anomalous upward vertical velocity occurred at the east side (Figure 8 ). Vertical profiles of the vertical velocity averaged over 1°Â 1°boxes corresponding to anomalous regions indicate that a downward increase in the downwelling (upwelling) velocity in the upper 500 m and a decrease below 500 m occurred in the west (east) side of the boxed region; this means that stretching (shrinking) in the upper layer and shrinking (stretching) in the lower layer took place at the west (east) side of the boxed region of the large meander trough. Profiles of the vertical velocity below 1500 m in a boxed region located slightly north of the west side box on 21 June 2004 (thin line with open circles in Figure 8a (middle)) show a somewhat different distribution from the center box, suggesting that the deep vertical velocity was affected at the west side by the bottom slope north of the Kuroshio axis when the large meander grows. In the east side boxes, the distributions of the deep vertical velocity were sensitive to the location of the boxes, especially when the large meander approached the Izu-Ogasawara Ridge (Figures 8b (right) and 8c (right)).
[23] Figure 9 shows horizontal distributions of the vertical stretching term at 200 m (Figure 9 , left) and 3000 m (Figure 9 , right) depths in the unperturbed run. On 21 June 2004, the Kuroshio axis began to separate from the coast. In the early stages of the large meander formation, although both the stretching and shrinking at 200 m depth occurred at the west and east sides, respectively, the shrinking and stretching at 3000 m depth was not shown clearly because of the effect of the bottom slope. On 11 July 2004, both the stretching (shrinking) at 200 m depth and shrinking (stretching) at 3000 m depth were found at the west (east) side of the trough of the large meander. In particular, at the west side, the stretching (shrinking) of the upper (lower) layer supplied the cyclonic (anticyclonic) vorticity for the trough of the large meander (the abyssal anticyclone), suggesting the joint evolution of the large meander trough and the abyssal anticyclone. On 31 July 2004, the large meander grew and the trough moved southeastward. The shrinking at [Kawabe, 1995] , which shows the latitude of the Kuroshio path in the Tokara Strait.
200 m depth was still found in the east side of the trough of the large meander, but the stretching at 3000 m depth was not significant there. In the mature stage, the large meander growth at the east side may have been affected by the IzuOgasawara Ridge. In the unperturbed run, the abyssal anticyclone developed at the west side of the trough of the large meander together with the large meander growth (Figure 9 ), whereas in the ''wTM'' case, the stretching and shrinking patterns seem to have been significantly distorted by the bottom slope and the abyssal anticyclone was not generated (not shown).
Abyssal Anticyclone South of the Kii Peninsula
[24] The above analysis suggests that the enhanced abyssal anticyclone is closely related to the large meander growth southeast of the Kii Peninsula. The abyssal kinetic energy averaged in the analysis region (31.5°-33.5°N, 135°-138°E) for both the unperturbed run and the wAE case increased in July 2004 when the large meander grew southeast of the Kii Peninsula (Figure 10a ). In contrast, increases in abyssal kinetic energy in the wTM case were not significant compared with increases in the unperturbed run. The results calculated in sensitivity experiments for the amplitude of the trigger meander (Figure 10b ) also indicate that the magnitude of the kinetic energy associated with the abyssal anticyclone was small in the nonlarge meander cases of wt03, wt04, and wt05 (wTM) compared with the large meander cases of wt01, wt02, and the unperturbed run. The wCE case had the largest increase in May, associated with the strengthened abyssal anticyclone (not shown). In this run, the amplitude of the large meander was the largest among all of the runs because the cyclonic eddy neither was absorbed into nor detached from the trigger meander and thus probably did not prevent the trigger meander from both propagating and growing in May.
[25] The presence of the bottom slope along the coast generally stabilizes the Kuroshio path variation [e.g., Sekine, 1990] . In the simulation, the vertical profiles of the upwelling/downwelling velocity associated with the large meander growth were distorted when the Kuroshio axis was close to the southern coast of Japan (e.g., Figure 8a (middle)). The wTM case also suggests that the bottom slope obstructs large meander growth through the distortion of downwelling/upwelling velocity (not shown). Thus, for large meander growth southeast of the Kii Peninsula, the Kuroshio axis might have to move sufficiently southward away from the bottom slope in the early stages of growth. To examine the relationship between the large meander growth and the distance of the Kuroshio axis from the southern coast, we analyze time evolutions of the latitude of the Kuroshio axis at 135.8°E taken from the sensitivity experiments (Figure 11 ). In the unperturbed run (Figure 11a) , just after the Kuroshio axis moved southward in the second half of June, the kinetic energy at 4000 m depth associated with the abyssal anticyclone increased as shown in Figure 10a . The wAE case also illustrates the southward movement of the Kuroshio axis in the beginning of July and the subsequent increase in the abyssal kinetic energy. The wCE case showed significant southward movement of the Kuroshio axis in the second half of May and subsequent substantial intensification of the abyssal anticyclone. In contrast, in the wTM case, the Kuroshio axis did not move so far south, and the abyssal anticyclone was not excited there. meander is necessary to move the Kuroshio axis away from the bottom slope near the Kii Peninsula and to excite the intense abyssal anticyclone associated with the large meander generation.
Amplification of the Trigger Meander in April 2004
[26] In section 3, we suggested that the amplitude of the trigger meander southeast of the Kyushu Island in the beginning of May is critical for the subsequent large [27] The condition of the amplified trigger meander seems to have been gradually reproduced by the continuous data assimilation at 1-week intervals during the period from March to April 2004. To investigate the dynamical effects of the initial conditions on the Kuroshio path south of Japan, we conducted long-term hindcast runs using the different initial conditions produced by the data assimilation during the period from 13 March to 17 April 2004. Figure 13 shows the relationship between the amplitude of the trigger meander on 22 April 2004 and that of the resulting large meander southeast of the Kii Peninsula on 31 July 2004 in the long-term hindcast runs and sensitivity experiments initialized on 13 March 2004, which are described later ( Table 2) . The large meander formation in July 2004 appears to have been related to the trigger meander with large amplitude in April 2004 because the initial states with the larger (smaller) amplitude trigger meander in April appeared to cause the large (nonlarge) meander states in July (Figure 13 ).
[28] Recently, Miyazawa et al. [2005b] and Usui et al. ) at 4000 m depth averaged over 31.5°-33.5°N, 135°-138°E, calculated from the unperturbed and sensitivity experiments (see Table 1 Figure 14) .
[29] Therefore, we investigated sensitivity of the amplitude of the trigger meander in the hindcast run initialized on 13 March 2004 to perturbed initial conditions, focusing on anticyclonic eddies observed east of Taiwan in March 2004 (Figure 15 ). We expect that eddies might have caused the amplification of the trigger meander in April 2004 through their collision with the Kuroshio east of Taiwan and their subsequent advection, because previous studies have suggested that anticyclonic eddies propagating northeastward along the Kuroshio path in the East China Sea are closely related to the generation of the trigger meander southeast of the Kyushu Island [Ichikawa, 2001; Masumoto, 2004; Miyazawa et al., 2004] .
[30] By assimilating intensified or weakened positive anomalies corresponding to the eddies shown in the SSHA data (Figure 15 ) into the model, we examined the sensitivity of the hindcast run to the perturbed initial states on 13 March 2004. Table 2 lists the parameters used. As shown in Figure 13 , the intensified (weakened) anticyclonic eddies caused amplification (weakening) of the trigger meander on 22 April 2004, and the amplified trigger meander resulted in the large meander on 31 July 2004. In particular, a case of intensified eddies (sAT) demonstrated the comparable magnitude of the trigger meander to the assimilation. Relatively large parameter values for the modification of the SSHA data were necessary for effective perturbation because both the MOI and IAU schemes work to moderate the effects of anomalous data.
[31] Time sequences of SSH for the sAT case (Figure 16b ) demonstrate the amplification of the trigger meander southeast of the Kyushu Island on 22 April 2004 and the subsequent formation of the large meander on 31 July 2004. The run with the unperturbed initial state, however, did not simulate these processes (Figure 16a ). In addition, the intensified anticyclonic eddies were advected by the Kuroshio mainstream after their collision with the Kuroshio east of Taiwan, and the eddies passing through the Tokara Strait were absorbed by the offshore anticyclonic eddy southeast of the Kyushu Island (Figure 16b ).
[32] To clarify how the trigger meander was amplified (weakened) in the sAT (wAT) case, we examined the vorticity balance southeast of the Kyushu Island. The rate of change of the vorticity was determined using the following equation [e.g., Endoh and Hibiya, 2001; Masumoto, 2004] :
where z is the vertical component of the relative vorticity; u = (u, v, w) is the velocity; f and b are the Coriolis parameter and its meridional gradient, respectively; and A H Figure The former index is defined as SSH at 31°N, 133°E, whereas the latter is defined as SSH at 32.5°N, 138°E. Open circles with different initialization dates were obtained from hindcast runs, that with ''assim'' was obtained from the assimilation run, and solid circles were obtained from the sensitivity experiments (sAT, sAT2, sAT3, wAT, and wAT2; see Table 2 ). and A v are the horizontal and vertical viscosity coefficients, respectively. The term on the left-hand side is the tendency term of the vorticity, and the terms on the right-hand side are the advection, the vertical stretching (positive sign) or shrinking (negative sign), the beta, the horizontal diffusion, and the vertical diffusion. Figure 17 (left) display the time evolution of all terms in vorticity equation (1) averaged over 29°-31°N, 130°-132°E (see the box in Figure 17a (right) ) from the surface to 400 m depth. Figure 17 (left) indicate that the stretching term almost balanced the viscosity terms in the region and that the tendency of the vorticity was controlled by the advection. In the sAT case, the positive vorticity was generated by both the intensified advection and stretching on 22 April 2004.
[33] The tendency of the vorticity in the surface layer at the Tokara Strait was controlled mainly by the vorticity advection (Figure 17, left) . In particular, the amplification of the trigger meander in April 2004 was caused by the advection of the positive vorticity together with the enhanced stretching. To detect the origin of the positive vorticity, we examine snapshots of the potential vorticity on the 26.0 s q isodensity surface in the upstream region of the Tokara Strait (Figure 18 ). The high potential vorticity was clearly enhanced (see the region marked in Figure 18b (top)) along the continental slope of the East China Sea in the sAT case compared with the unperturbed run. The enhanced high potential vorticity seems to have moved downstream along the continental slope (Figure 18 , middle). On 22 April 2004, the enhanced high potential vorticity was found in the trigger meander region (Figure 18, bottom) .
[34] The negative advection term associated with the amplification of the trigger meander was more intensified on the offshore side of the Kuroshio southeast of the Kyushu Island in the sAT case (Figure 17b , right) than in the unperturbed run (Figure 17a, right) . The case of weakened anticyclonic eddies (wAT) shows reduced negative vorticity at the offshore side (Figure 17c, right) . The intensified negative advection term was related to a strong anticyclonic eddy on the offshore side of the Kuroshio southeast of the Kyushu Island (Figure 16b, middle) .
[35] To confirm the downstream advection of high potential vorticity together with the positive SSHA due to intensified anticyclonic eddies, we plotted the temporal variation in both SSHA along the Kuroshio mainstream (regions surrounded by red lines in Figure 18 ) and potential vorticity along the continental slope (regions surrounded by blue lines in Figure 18 ) from the sAT case (Figure 19 ). The enhanced high potential vorticity seems to have been generated at 125°E on 27 March 2004 when the positive SSHA arrived at 125°E. On 11 April 2004, the anomalous signals arrived at the Tokara Strait at 130°E.
[36] The existence of the steep slope near the strong Kuroshio flow may facilitate the production of the positive vorticity through the bottom friction and/or bottom pressure of the enhanced velocity on the slope. Both Figures 18 and  19 suggest that the origin of the positive vorticity is the continental slope near 125°E. To confirm this, calculation of the vorticity budget in that area using the following equation is useful: For example, in the sAT case, positive SSHA (e.g., +SSHA (i, j)) at 21°-24°N, 124°-130°E on 13 March 2004 was changed to the same spatial pattern of positive sign with enhanced amplitude (e.g., (+7.0) SSHA (i, j)).
where D is the depth; u, v are the vertical averaged velocities; A x , A y are the vertically integrated advection plus diffusion terms in the zonal and meridional momentum equations, respectively; f is the Coriolis parameter; P b is the bottom pressure; t s and t b are the wind and bottom stresses, respectively; and J denotes the Jacobian operator. The term on the left-hand side is the vorticity tendency term, and the terms on the right-hand side are the advection plus diffusion of the vorticity, the planetary geostrophic divergence, the bottom pressure torque, and the curl of wind and bottom stresses. The second term on the right-hand side of equation (2) is reduced to the planetary beta effect when the time dependence of the surface elevation is negligible [Kagimoto and Yamagata, 1997] .
[37] Figure 20 shows the time series of all terms in equation (2) averaged over 25°-26.5°N, 123.5°-125.5°E (see the boxes in Figure 18b ) for the unperturbed run ( Figure 20a ) and for the sAT case (Figure 20b ). The positive bottom friction and bottom pressure torques almost balanced with the negative advection and beta torques. The tendency in the variation of the vorticity equation (2) was controlled mainly by the variation in the bottom friction. Even in the unperturbed run, the positive vorticity was repeatedly produced by the bottom friction, which was more enhanced in the sAT case. The enhanced bottom friction generated the maximum positive vorticity in the second half of March 2004 during the simulation period Figure 18b) , the advection dominated among all the terms in the right-hand side of the vorticity equation (2) (not shown). Thus, the origin of the positive vorticity was the continental slope near 125°E in the East China Sea.
[38] We further investigated the eddy -mean current interaction simulated in the sensitivity experiments discussed in this section by diagnosing the distribution of the eddy forcing. Using the quasi-geostrophic approximation, the eddy -time mean flow balances of the momentum equations are expressed as follows [Cronin, 1996] :
where u, v are time-mean quasi-geostrophic horizontal velocities; u 0 , v 0 are deviation quasi-geostrophic velocities; u a ,ṽ a are the residual of the mean ageostrophic velocities; (Figure 17a ) and sensitivity experiments (Figures 17b and 17c) . The contour interval is 2.0 Â 10 À10 s
À2
. Regions greater than 2.0 Â 10 À10 s À2 are shaded. Figure 18 (right) indicate enhanced high potential vorticity in the sAT case. r(z) is time -horizontal mean density profile; r 0 is the deviation density; f 0 is the reference value of the Coriolis parameter; and b is the mean value of the differential along the north-south (y) direction of the Coriolis parameter. The third terms of equation (3) are the eddy-forcing components due to density variation. The horizontal divergence vector Tsujino et al., 2006] . The fourth terms of equation (3) are the eddy forcing components due to momentum variation, which correspond to convergence/divergence of the Reynolds stresses. The vector sum of the third and fourth terms of equation (3) is the vector that indicates the total eddy effects associated with the variation in both density and momentum.
[39] We calculated the eddy-forcing vector for the mean state during the period from 16 April to 26 April 2004; this period had the most significant difference in the eddy forcing components between the unperturbed and sAT cases (Figure 21 ). Two distinctive regions showed the intensification of the eddy forcing in the sAT case: an area southeast of the Kyushu Island and the continental slope of the East China Sea. In the former (latter) region corresponding to the trigger meander (the continental slope of the East China Sea), the eddy forcing due to the variation in density (momentum) dominated that due to the variation in momentum (density) (not shown). These features were almost vertically coherent, although the magnitude of the vector decreased as depth increased (not shown). The intensified eddy forcing, mainly due to the variation in density, seems to have been oriented to decelerate and turn the eastward flow southward in the trigger meander region west of 133°E (Figure 21b ). This is consistent with the vorticity analysis (Figure 17) , suggesting that the amplification of the trigger meander was caused by enhanced stretching at the main thermocline depth (400 -500 m) together with the intensified vorticity advection. Even in the unperturbed run (Figure 21a ), the eddy forcing was oriented to decelerate and turn the eastward flow southward in the trigger meander region west of 133°E. The perturbation added in the sAT case enhanced the existing feature of the eddy-mean current interaction in the unperturbed run. [41] By conducting sensitivity experiments for the initial state on 8 May 2004 (Table 1) , we found that the most critical factor in generating the large meander in 2004 was a trigger meander with sufficiently large amplitude (Figure 7 ). In the perturbed runs, in which the amplitude of the trigger meander was reduced, the Kuroshio axis did not move far enough southward from the bottom slope south of the Kii Peninsula (Figure 11 ), and thus, the large meander did not occur.
Summary and Discussion
[42] The model products created by the continuous data assimilation indicated that the trigger meander was extremely that advection of the positive vorticity and locally enhanced stretching were concluded to have been the main cause of the amplification of the trigger meander (Figure 17 ). The strong anticyclonic eddies moved to the downstream part of the Kuroshio, thereby generating positive vorticity in the continental slope region of the East China Sea (Figures 18  and 19 ) through the enhancement of the bottom friction together with the bottom pressure torque (Figure 20) . The distribution of the eddy forcing vector estimated using the formulation of the eddy -mean current interaction [Cronin, 1996] suggests that the perturbation associated with the intensified anticyclonic eddies east of Taiwan [43] Previous observational studies [e.g., Sekine, 1990; Kawabe, 1995] have suggested that the formation process of the Kuroshio large meander is divided into two sub processes: first, the generation of the trigger meander southeast of the Kyushu Island; and second, the abrupt amplification of the trigger meander. Although the first process occurs frequently, most trigger meanders decay without undergoing the second process. In fact, the trigger meander that developed in December 2003 [Usui et al., 2008] [44] The upstream Kuroshio volume transport has been considered an important parameter characterizing the dynamical regimes of the Kuroshio paths [e.g., Masuda, 1982; Kawabe, 1995] . However, the Kuroshio volume transport in the East China Sea calculated from the assimilation data showed no significant interannual change during the period from 1999 to 2004 (not shown). The sensitivity experiments suggest that the large meander formation in 2004 strongly depended on the amplitude of the trigger meander, rather than the interannual variation in upstream volume transport. The sensitivity experiments demonstrated that a smallamplitude trigger meander resulted in the nonlarge meander state, and further, that the trigger meander was amplified in April 2004 through the propagation of the strong anticyclonic eddies from the East China Sea prior to the final process of large meander formation from May to July 2004. These results suggest that the Kuroshio large meander formation in 2004 can be interpreted as a transition between multiple equilibria (i.e., the large meander and nonlarge meander states) triggered by strong disturbances east of Taiwan originating from the subtropical frontal region.
[45] Figures 8 and 9 suggest the joint evolution of the large meander trough and the abyssal anticyclone together with both vertical stretching in the upper layer and shrinking in the lower layer in the west side of the large meander. Some type of baroclinic instability may be a possible mechanism for the large meander growth because the upper and lower layer circulations may couple each other [Endoh and Hibiya, 2001] . The process described here is fairly consistent with those presented by previous studies using another forecast system with other types of OGCM and data assimilation schemes Usui et al., 2006] , which have also suggested that baroclinic instability contributed to the large meander growth southeast of the Kii Peninsula in 2004. However, more detailed analyses [e.g., Tsujino et al., 2006] are needed to determine with certainty the mechanism that is responsible for the large meander growth.
[46] Some previous modeling studies have suggested that the enhanced abyssal anticyclone around the Koshu Seamount (see Figure 1 for the location) plays a critical role in intensifying the amplification of the large meander southeast of the Kii Peninsula [Hurlburt et al., 1996; Endoh and Hibiya, 2001; Miyazawa et al., 2004] . We also found the enhanced abyssal anticyclone around the Koshu Seamount together with the amplification of the large meander southeast of the Kii Peninsula (Figures 9 and 10) . However, Tsujino et al. [2006] conducted an OGCM simulation in which the Koshu Seamount was not necessary for the formation of the Kuroshio large meander. More studies are needed to better understand the roles of local topography in the formation of the Kuroshio large meander.
[47] The sensitivity experiment initialized on 8 May 2004, in which the cyclonic eddy disappeared, indicates that the cyclonic eddy on the offshore side of the Kuroshio delays the large meander formation through interaction with the trigger meander. In this way, the transient process of the large meander formation is quite sensitive to the initial conditions, including the Kuroshio path and the mesoscale eddies. We directly perturbed specific parts of the initial conditions based on a priori assumptions of the sensitivity of the Kuroshio path variation south of Japan. For more detailed evaluation, further studies are needed such as those involving ensemble forecast experiments [e.g., Miyazawa et al., 2005a] and more sophisticated sensitivity analyses [e.g., Ishikawa et al., 2004] , including other types of perturbations to initial conditions that are obtained from the model dynamics.
Appendix A: Time-Space Optimum Interpolation
[48] Using the time-space optimum interpolation technique [Kuragano and Kamachi, 2000] , we created data at 7-day intervals on 1/4°grids from the raw data: satellite SSHAh, satellite SST T 1 0 , and in situ temperature/salinity profiles,
In our system, we used six vertical levels for the gridded observation data M and corresponding depths of 0, 50, 100, 200, 300, and 400 m. The sampling period for the satellite data was 7 days (3 days before and after an analysis day), whereas that for the temperature/salinity profiles was 31 days. The spatial extent of data sampling for one grid point was 360 km.
[49] Parameters in the optimum interpolation scheme were determined by statistical analyses of past observation data. We assumed minimum spatial and time scales for the gridded data of 50 km and 10 days, respectively. We also assumed components of the covariance matrix as follows:
where X i = (x i , y i , z i , t i ) and x j are two observation points; C 0 is the autocorrelation at lag 0; Dx = (x i À x j , Dy = y i À y j , and Dt = t i À t j ; c x is a phase speed in the zonal direction;
and L x , L y , and L t denote the zonal, meridional, and temporal decorrelation scales, respectively. The parameters, C 0 , c x , L x , L y , L t in equation (A1) were statistically estimated from the observation data [Kagimoto et al., 2008] . The parameter values depend on the assumed minimum spatial and time scales.
Appendix B: Multivariate Optimum Interpolation
[50] For effective data assimilation of remote sensing data including SSHA and SST, the vertical projection of the variation included in the SSHA and SST must be properly combined with the other in situ observation data of subsurface variables such as temperature and salinity. The SSHAh and vertical profiles of the temperature/salinity T 1 0 . . .T M o , S 1 o . . .T M o gridded as described in Appendix A, were combined with forecast data to create the analysis data that were used for the incremental analysis update (IAU) process.
[51] For the vertical projection, we used MOI [e.g., Lorenc, 1981] . Before the interpolation, we subtracted basin-wide seasonal variation such as the thermal expansion from the SSHA, that is,h 0 =h À P i h i , where i is the index of zonal direction. This allowed us to assimilate the data of the SSH variations associated with mesoscale eddies effectively into the model [Miyazawa et al., 2005a] .
[52] The analysis state of SSH and temperature/salinity profiles X a = (h 
where P is a forecast error covariance matrix with (2N + 1) Â (2N + 1) elements, H is an observation matrix with (2M +1) Â (2N + 1) elements that is a linear operator mapping the model variables into the observed variables, and R is an observation error covariance matrix with (2M + 1) Â (2M + 1) elements. The forecast error covariance matrix P is the function of time and space that depends on the model physics. For simplicity, however, we assumed that P was constant over time and estimated it in advance of the model calculation.
[53] Suppose, for a simple explanation, that M = N = 1. In this case, the observation matrix H becomes a 3 Â 3 unit matrix, and the matrix, PH where Dx denotes the deviation from the time mean x of a variable x. The nondimensional parameters E h 0 f , E T f , E S f , are the forecast error variances normalized by the simulation variances. The regression coefficient between variables x and y denoted by F xy is expressed as
Assuming that an observation error of a variable is not correlated to that of another, R becomes a diagonal matrix:
R % where
, are the nondimensional observation error variances normalized by the simulation variances.
[54] By using a scaling matrix, 
the Kalman gain matrix K = PH T (HPH T + R) À1 in equation (B1) is expressed as follows:
where 
In this way, the simulation variances (Dh 0f )
were excluded from the Kalman gain matrix. To simplify the assimilation system further, some nondiagonal elements of the forecast error covariance matrix PH T were assumed to be zero:
